The deutocerebrum is usually regarded as a preoral neuromere subserving an antennal head segment (81). Most authors agree that it consists of two distinct neuropils (Figure 1 ): the antennal lobe (AL) and the antennal mechanosensory and motor center (AMMC), also called the dorsal lobe (l0, 17, 35, 39). We adhere to this classical definition, but it should be noted that a different, extended definition of the deutocerebrum has recently been suggested by Strausfeld and coworkers (105, 106). 
cells in the third antennal segment, the flagellum, have terminal arborizations in the AL. The AMMC, on the other hand, receives axons from mechano sensory neurons in the two basal antennal segments , the scape and pedicel. The AMMC is furthermore innervated by dendrites of antennal-muscle motoneurons. Whereas the structure of antennal sensilla and the physiology of the underlying receptor cells have been studied in numerous species (for reviews see 1, 21, 53, 54, 56, 76, 100, 101, 111, 116, 117) , the neuronal organization of the deutocerebrum has been investigated in depth for only a few species of insects. The AL has been studied in certain Lepidoptera, including the moths Manduca sexta (24, 38, 43), Bombyx mori (55, 64, 66, 78) , and Antheraea polyphemus (7, 64) ; in several species of cockroaches, most prominently Periplaneta americana (8, 10, 11, 85) ; in certain Hyme noptera , including honey bees (3, 41, 73) and ants (32, 69); and in a few species of flies (80, 82, 83, 102, 103) . This brief review describes the functional organization of the AL and its inputs, processing of sensory infonnation, and connections to higher brain centers. Because infonnation about the AMMC is very limited, only a fragmentary overview of its neuronal organization and connections can be given.
ORGANIZATION OF THE DEUTOCEREBRUM

Antennal Mechanosensory and Motor Center
The two basal segments of the antenna, the scape and pedicel, apparently house exclusively mechanosensory receptor cells associated with fiel ds of bristles [Bohm's organ (14) ], chordotonal organs [Johnston's organ (52); Janet's organ (48)], and other sensilla. The central projections of these receptor neurons are concentrated in the AMMC (Figure 1 ), but arborizations usually extend into the protocerebrum, the ipsilateral and contralateral suboe sophageal ganglion, and even thoracic ganglia [M. sexta (39; S. Camazine, J. Hildebrand, U. Homberg & M. Stengl, unpublished observations), Cal liphora erythrocephala (12, 105) , Locusta migratoria and Schistocerca gre garia (16, 31) ]. Because the neuropil of the AMMC is usually fused with surrounding areas of the protocerebrum and suboesophageal ganglion , its boundaries cannot easily be defined. Evidence from Lepidoptera suggests that some flagellar receptor cells, possibly also mechanosensory afferents, have axons that bypass the AL and also tenninate in the AMMC (19, 39, 64).
Mechanosensory fibers entering the brain through the tegumentary nerves also send side branches into the AMMC (2, 4, 45, 110) .
Little is known about intemeurons that innervate the AMMC. In flies and other insects as well, descending neurons from the brain have arborizations in the AMMC; these neurons possibly receive direct mechanosensory input (5, 33, 105) .
Motoneurons that innervate the antennal muscles have their dendritic fields in the AMMC , but it is not known if they make monosynaptic connections with mechanosensory receptor cells (39, 63).
Antennal Lobe
Besides primary afferents, the neuropil of the AL comprises neurites of three classes of central neurons ( 
Local interneurons Figure 3 ). Several fiber tracts connect the AL with the protocerebrum, the suboesoph ageal ganglion, and, especially in Diptera, the contralateral AL. The most prominent connection to the protocerebrum is the inner antenno-cerebral tract (lACT, also known as the tractus olfactorio-globularis or median antenno glomerular tract). It has been described in numerous species (60; for reviews see 17, 35, 104) . A smaller tract, the middle antenno-cerebral tract (MACT), is known in M. sexta (43, 47) and Apis mellifera (3, 60, 74) . It is prob ably homologous with the posterior branch of the tractus olfactorio-globu laris in cockroaches and crickets (28, 49, 50, 114) . A third tract, the contr AL 
GLOMERULAR ORGANIZATION OF THE ANTENNAL LOBE
The neuropil of the AL includes distinct compartments called glomeruli. These are con densed, spheroidal regions of neuropil housing synapses between receptor axons and central neurons. A layer of glial processes separates the individual glomeruli (109) , and glial cells may play an important role in the fo rmation of glomeruli (77) . The number of glomeruli seems to be species specific (85), ranging from fewer than 10 (e.g. in Aedes aegypti) to about 200 (e.g. in Formica pratensis). About 1000 very small glomerulus-like compartments have been counted in L. migratoria (28), but it is not clear that these structures are homologous to the glomeruli in other species. In general, glomeruli may be distributed throughout the AL, as in P. americana (28), or they may be arrayed around a central region of coarse neuropil formed largely by neurites of AL neurons, as in M. sexta (24, 38). In some species the glomeruli have been mapped and can be identified individually, on the basis of size, shape, and relative position (3. 20, 84. 85, 103).
The structure of most AL glomeruli resembles that of kidney glomeruli. A central, inner core, consisting largely of neurites of AL neurons, is sur rounded by a cortical cup of receptor-axon terminals (3, 12, 47, 64, 69, 79) . Certain glomeruli in M. sexta. A. mellifera. and probably other species are innervated throughout by receptor terminals and can therefore easily be identified (3; U. Homberg, unpublished observations).
ULTRASTRUCTURE
Synapses in the AL are largely or entirely restricted to the glomeruli (12, 95, 96, 109) . In M. sexta, synapses are usually divergent.
Most common are dyads in which one presynaptic element is apposed to two postsynaptic elements; some of these dyads also participate in serial synapses.
Similar findings have been reported for other species (12, 69, 96) . In tracellular staining and degeneration studies have revealed that neurites of AL neurons are both pre-and postsynaptic in the AL glomeruli (12, 109) .
SEXUAL DIMORPHISM
The antennae and ALs, and probably higher brain centers as well, are sexually dimorphic in several orders. In Lepidoptera and Dictyoptera the male antenna bears a large number of male-specific sensilla (sensilla trichodea in moths). These sensilla enclose olfactory receptor cells that are specialized to detect one or more of the female's sex pheromones, and they are usually not present in the female antenna (for reviews see 21, 101). The axons of sex-pheromone receptors terminate in an enlarged glomerulus, a macroglomerulus or macroglomerular complex (MGC), which is not present in female ALs (8, 19, 24, 64, 94) . The MGC is also innervated by sexually dimorphic AL neurons (18, 23, 24, 27,43,55,71, 93), as discussed below. The non-sexually dimorphic glomeruli are referred to as ordinary glomeruli throughout the text.
CELLULAR COMPONENTS OF THE ANTENNAL LOBE
Primary Afferents
The structure of antennal sensilla and the physiology of primary afferents that innervate them have been studied in numerous insect species and reviewed extensively (1, 21, 53, 56, 92, 101, 116, 117) . InM. sexta, olfactory receptor cells reside in sen sill a trichodea and sensilla basiconica ( Table 1 ) and possibly other types of sensiIla (86). The axons of these receptor cells project into single glomeruli of the ipsilateral AL (12, 19, 89, 103) . In flies, however, many primary afferents project to a glomerulus in the ipsilateral AL and, via a commissure, to the corresponding glomerulus in the contralateral AL (103). All evidence so far suggests a functional rather than a spatial representation of the flagellum in the AL. Stocker et al (102a, 103) have suggested that certain types of sensilla, regardless of their location on the antenna, are represented in certain glomeruli. Furthermore, pheromone-sensitive afferents apparently project only to the MGC (8, 19, 64, 94; I. Harrow & T. Christensen, unpublished observations).
In addition to flagellar receptor neurons, the ALs receive projections from receptor cells in a labial-palp pit organ (LPO) (Table 1, Figure 1 ; 13,58, 65). These sensory cells respond to carbon dioxide and perhaps other volatiles (13, 36). They have unilateral or bilateral projections in an identified glomerulus in the AL (LPO-glomerulus) that apparently is not innervated by antennal afferents (Figure 1) . A similar area in P. americana, the lobus glomerulatus, also receives primary-afferent input from labial-palp chemoreceptors (8) . These findings support the hypothesis of a functional topography of primary afferents in the AL.
Local Interneurons
Amacrine cells have been described in the ALs of Hymenoptera (32, 73), Diptera (104), Orthoptera (28, 97), and Lepidoptera (47, 55,71). These LNs innervate several (and sometimes all) glomeruli of the AL. In M. sexta the somata of LNs reside probably exclusively in cluster LCI of the lateral group of neurons (Table 1; Figure 1 ; 43). LNs that innervate the MGC in male M. sexta [designated L(MGC); see Table 1 ] are sexually dimorphic (43, 71). Biochemical, immunocytochemical, and pharmacological studies suggest that the majority of the approximately 360 LNs in M. sexta are GABAergic and inhibitory (47, 61, 72, 113) . Immunocytochemical studies furthermore sug gest that a variety of neuropeptides might be cotransmitters with GABA in certain subsets of LNs (42, 44, 62). Little is known about the remainder of the LNs, but some of them are believed to be excitatory intemeurons (see below).
Projection Neurons
In M. sexta and probably other species as well, several areas in the proto cerebrum are innervated by PNs (43). These olfactory foci include the calyces of the mushroom body, the lateral hom of the protocerebrum, and an olfactory focus and a sex-pheromone focus in the inferior lateral protocerebrum ( Figure  3) . Several morphologically distinct types of PNs connect the AL with these olfactory foci (Figures 1-3 ; Table 1 ). These neurons have been assigned names according to the fiber tracts in which their axons project ( Table 1) PIa neurons have been described in considerable detail in several species (15, 18, 23-25, 27, 41, 43, 55, 71, 73, 90) . These neurons usually have uniglomerular arborizations in the AL and axonal projections to the calyces of the mushroom body and the lateral hom of the protocerebrum (43, 105). The AL of male M. sexta contains about 30 male-specific PIa(MGC) neurons, which have no counterpart in females ( Table 1 ; Figures 2 and 3) . The projections of PIa(MGC) neurons in the calyces differ from those of PIa(G) neurons; the PIa(MGC) axons innervate only c�rtain regions in the calyces and lack the varicose terminals typical of PIa(G) axons (43). The terminal arborizations of PIa(MGC) fibers define a sex-pheromone focus in the inferior lateral protocerebrum and overlap little with the projections of Pla(G) fibers in the lateral hom (Figures 2 and 3; 43) . Similar observations have been reported for P. americana (8, 11 ). These observations, along with physiological findings (see below), strengthen the idea that the male-specific pathway for detection and processing of sex-pheromonal information constitutes a distinct olfactory subsystem.
With few exceptions, other types of PNs have so far been described only in M. sexta (40, 43). The following description therefore refers largely to this species (Table 1) .
Two additional types of neurons have axons in the IACT: PIb neurons project not to the calyces but to the superior protocerebrum surrounding the pedunculus near its emergence from the calyces, and PIc neurons have multiglomerular AL arborizations (43). PNs in the MACT and OACT usually have multi glomerular AL arborizations, but those innervating the MGC have no ramifications in other glomeruli. PM neurons have extensive arborizations in the lateral protocerebrum; their somata have been found exclusively in cell cluster Lcn (Figure 1 ; Table 1 ). Most PM neurons are also GABA im munoreactive (47). The somata of PO neurons, which project in the OACT, reside in cell cluster LCI. Four distinct morphological types have been found. POa neurons have numerous small side branches along their axons, most prominently in a bridge of neuropil between the AL and the protocerebrum, the AL isthmus, where antennal sensory fibers of unknown modality ter minate (Figures 1 and 3) . POa fibers terminate in an olfactory focus in the inferior lateral protocerebrum (Figures 2 and 3) . POb neurons are character ized by unusually large, bulbous fiber specializations in the lateral hom and apparently high levels of intracellular acetylcholinesterase activity (46; S.
Hoskins & U. Homberg, unpublished information) as well as immunoreactiv ity with peptide antisera (42,62). Some POa and POb neurons connect the AL with the contralateral protocerebrum ( Figure 3 ) and seem to be the only projection neurons to do so. POc neurons project first to the lateral hom and then into the calyces; similar neurons have also been found in bees (73) and silk moths (55). Finally, POd neurons have extensive dendritic fields in the AL, AMMC, optic foci, and tritocerebrum and project into a part of the calyces that is not innervated by other PNs. The somata of PD neurons, which project in the DACT, are in the pro tocerebrum, while those of PDM neurons are in the suboesophageal ganglion. PDM neurons innervate corresponding ventral glomeruli in both ALs and send an axon via the ipsilateral DMACT to the calyces and lateral hom (57; R. Primary neurites of PD neurons in M. sexta generally form a pseudo commissure between both ALs stnce each individual neuron arborizes in only one AL. However, neurons that connect both ALs have been described in Diptera (15, 102, 104) . These neurons, which have extensive arborizations throughout both ALs, seem to be rare in other species (43, 74) and may correspond to the bilateral primary-afferent projections, which are apparently unique to Diptera.
Centrifugal Neurons
While PNs are believed to have dendrites in the AL and axons projecting out of the AL, a smaller number of neurons appear to have dendrites in other parts of the brain and to send axons into the AL. Some examples of these neurons have been described in P. americana (8, 27), M. sexta (43; Table 1 ; Figure  2) , and Musca domestica (104) . Most of these cells have somata outside the AL, but in M. sexta a serotonin-immunoreactive neuron with its soma in the AL appears to have dendritic arborizations (weakly immunoreactive) in the ipsilateral horn of the protocerebrum and putatively axonal terminals in several areas of the protocerebrum and the contralateral AL (59; U. Homberg, unpublished information). Like this neuron, many centrifugal neurons seem to have feedback characteristics, with dendritic arborizations at least partly in olfactory foci in the protocerebrum. Centrifugal neurons usually have multi glomerular ramificatons in one or both ALs.
FUNCTIONS OF THE DEUTOCEREBRUM
Anatomical and physiological data suggest that a functional rather than a spatial representation of sensory inputs is mapped into the deutocerebrum. There appear to be largely separate areas for mechanosensory (AMMC) and for olfactory (AL) processing, and the AL is further topographically divided into areas designated for processing particular olfactory inputs (e.g. sex pheromones, plant and food odors, carbon dioxide). A similar organization may apply to the protocerebral projections. As we have seen, the pheromone specific olfactory subsystem in males is clearly set apart from the general olfactory pathway in the AL, calyces, and lateral protocerebrum (8, 11, 43) . While there is some evidence for multimodal integration in AL neurons ( Table 2 ; also see below), the remainder of this discussion focuses mainly on the functions of the deutocerebrum as they relate to the processing of be haviorally relevant odors.
Odor Quality Coding
Does the deutocerebrum contribute to an insect's ability to discriminate one odor from another? Only a decade ago, the answer to this question would have been "probably not." Anatomical studies suggested that the AL neuropil was no more than a convergence and relay station for antennal sensory axons (32, 114), and earlier electrophysiological studies tended to support this idea (9) . Extracellular recordings from AL neurons in several species usually revealed simple excitatory responses to olfactory stimuli (7, 97, 107) . In other studies, inhibitory responses were sometimes recorded (9, 115), but they were diffi cult to interpret. A confounding feature of these extracellular recordings was that if background activity was low or absent (e.g. 112), it was impos- dSee also Reference 9 for a multimodal neuron responding to temperature changes.
eSee also Reference 78 for a study of unidentified deutocerebral units.
sible to tell if a neuron was inhibited or simply unresponsive to a given stimulus. It was clear, however, that the ALs in many insects were the sites of massive sensory covergence ( Table 1) , and that one likely function of these areas of the brain was to amplify the incoming signals and improve the signal-to-noise ratio in the system.
By far the best-studied example of quality coding in the ALs is in the sex pheromone-detecting subsystem in many male insects, in which thousands of pheromone receptors in each antenna project into the ipsilateral MGC ( Table   1 ; Figure 3 ; reviewed in 8, 10, 11,24,66, 70, 76, Ill). As indicated in Table   2 , every LN or PN with arborizations in the MGC responds to pheromonal stimulation of the ipsilateral antenna. Moreover, in some species it has been shown that the sensory axons from other types of sensilla form a specific termination pattern in several of the ordinary glomeruli (73, 103) . More recently, this observation has been extended to include nonantennal sensilla in the labial-palp pit organ (see above). These data further support the hypoth esis that each glomerulus is functionally specialized and that any given complex of odors can be represented in the AL by the pattern of activity in a specific array of glomeruli. There does not appear to be a strict spatial representation of the antenna in the AL, but directional information is apparently preserved in many species by the unilaterality of central proc essing of antennal inputs . Even in Diptera, in which antennal inputs pro ject bilateral ly in the brain, the sensory proj ections into a small number of glomeruli are unilateral (103) .
Odor Quantity (Concentration) Coding
Some AL neurons in several species exhibit dose-dependent responses to olfactory stimuli (7, 18, 23, 55) according to a number of physiological criteria: the total number of action potentials evoked by each concentration of odorant, the mean rate of spiking, the instantaneous rate of spiking, or the response latency. Other AL neurons fire only after a certain threshold is reached and do not respond very differently to increasing stimulus con centrations. Thus some odor discrimination may occur independently of odor intensity. (See Reference 30 for a discussion on how a signal representing the ratio of the responses to two odors can permit discrimination of the two stimuli independently of concentration.)
Odor Discrimination at the Single-Cell Level
In the pheromone-processing subsystem there is a physiologically diverse population of PNs that connect the MGC with higher-order neurons in the protocerebrum (see Table 2 ). Some PIa(MGC) neurons in M. sexta can discriminate one pheromone fro m another because they receive input only from one of the two classes of sex-phero mone receptors in the male antenna. One receptor class is selectively stimulated by bombykal, the most abundant pheromone in the natural blend (99). The second receptor class is stimulated by E,Z-1l ,13-pentadecadienal (CIS) (K. -E. Kaissling, J. Hildebrand & J.
Tumlinson, in preparation), which is an effective mimic of a second pher omone as shown with behavioral assays (J. Tumlinson, personal communica tion). If the antenna is stimulated with single pheromones, many Pla(MGC) neurons respond with a delayed (presumably polysynaptic) excitation to the presentation of bombykal alone ( Figure 4, response 1) . Others show similar responses to CIS alone (response 3). We therefore postulate that two in dependent populations of excitatory interneurons reside in the MGC, each receiving input from one class of receptors or the other. Because other Pla(MGC) cells are excited by both bombykal and CIS (response 2), how-ever, it is also possible that some excitatory interneurons receive input from both classes of receptors (not illustrated in Figure 4) . Clearly, still other Pla(MGC) neurons integrate information from two separate interneuronal populations , since the polarity of the response to each pheromone is different.
For example, in response 4 a neuron is inhibited by bombykal, is excited by CIS, and responds to a blend of the two with a mixed triphasic response. While the details of the complex synaptic circuitry within the MGC are still unknown, there is strong pharmacological and immunocytochemical evidence that the inhibitory postsynaptic potential (IPSP) at the onset of this mixed response is due to a GAB Aergic synaptic mechanism and that many LNs in the AL are GAB Aergic 
has been reported in any species ( Table 2 ). This would suggest that infonna tion from other glomeruli may flow into the MGC but not from the MGC to other glomeruli. Recent anatomical evidence from M. sexta (see above) also supports the idea that the pheromone-processing subsystem is largely separate from the rest of the olfactory system.
Modality Convergence
While the primary function of the AL is to process olfactory infonnation, some AL neurons clearly code multimodal inputs ( in the protocerebrum ( Figure 3 ; Table 1 ).
Olfactory Memory
The mushroom bodies, in addition to participating in a wide variety of behavior patterns, have long been thought to be involved in olfactory learning and memory, but the ALs may contribute to memory formation as well (26).
In bees trained in a one-trial conditioning paradigm, olfactory memory was impaired if the ALs were cooled by inserting tiny metal probes into the head, but the effect was more pronounced after the alpha lobes or calyces of the mushroom bodies were cooled. These results suggest that the mushroom 
Similarities to the Vertebrate Olfactory Bulb
The conspicuous glomerular organization in the insect AL is a common feature of the olfactory systems of other invertebrates such as crustaceans (6) and also of the vertebrate olfactory bulb. The latter system also contains 
EPILOG
Explorations of the deutocerebrum of the insect brain have only begun. Further work is motivated by a need to understand how antennal sensory information, which is initially processed in the deutocerebrum, influences the behavior of insects. Moreover, the deutocerebrum is an experimentally favor able preparation for studies that may yield key insights about central process ing of olfactory information in vertebrates and invertebrates alike. The main challenge of such research is to explain how the molecular information represented in the response spectra and patterns of primary olfactory receptor cells is mapped into central neural space, encoded by neurons in the brain, and integrated with other modalities, ultimately affecting behavior.
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